Metabolic manipulation of plants to improve their nutritional quality is an important goal of plant biotechnology. Expression in rice (Oryza sativa L.) of a transgene (OASA1D) encoding a feedback-insensitive a subunit of rice anthranilate synthase results in the accumulation of tryptophan (Trp) in calli and leaves. It is shown here that the amount of free Trp in the seeds of such plants is increased by about two orders of magnitude compared with that in the seeds of wild-type plants. The total Trp content in the seeds of the transgenic plants was also increased. Two homozygous lines, HW1 and HW5, of OASA1D transgenic rice were generated for characterization of agronomic traits and aromatic metabolite profiling of seeds. The marked overproduction of Trp was stable in these lines under field conditions, although spikelet fertility and yield, as well as seed germination ability, were reduced compared with the wild type. These differences in agronomic traits were small, however, in HW5. In spite of the high Trp content in the seeds of the HW lines, metabolic profiling revealed no substantial changes in the amounts of other phenolic compounds. The amount of indole acetic acid was increased about 2-fold in the seeds of the transgenic lines. The establishment and characterization of these OASA1D transgenic lines have thus demonstrated the feasibility of increasing the Trp content in the seeds of rice (or of other crops) as a means of improving its nutritional value for human consumption or animal feed.
Introduction
Metabolic manipulation of plants to improve their nutritional value is a primary goal of plant biotechnology. Essential amino acids such as Lys, Met, Thr, and Trp contribute substantially to the nutritional quality of plantbased foods for humans and domestic animals, but the amounts of such amino acids are limited in many crops. Dietary supplementation with Trp increases the growth rate of pigs and poultry (Subcommittee on Poultry Nutrition, 1994; Subcommittee on Swine Nutrition, 1998). An inadequate supply of Trp leads to a marked reduction in food intake in pigs as a result of the reduced synthesis of serotonin in the brain (Henry et al., 1992; Sève, 1999; Eder et al., 2001) . Indeed, Trp has been used as a pharmaceutical agent in the treatment of depression (Massey et al., 1998) . The ability to increase the level of Trp in food crops by metabolic engineering is thus desirable from both nutritional and clinical viewpoints. The achievement of an increase in the amino acid content of seeds by genetic engineering, however, has been limited to Lys (Falco et al., 1995; Mazur et al., 1999; Zhu and Galili, 2003) and Met (Movig et al., 1997; Lai and Messing, 2002) .
The accumulation of free Trp in plants has been achieved by the introduction of genes encoding feedback-insensitive a subunits of anthranilate synthase (AS), which catalyses the conversion of chorismate to anthranilate. This approach has thus yielded increased levels of Trp in the roots of the forage legume Astragalus sinicus (Cho et al., 2000) and in the leaves of tobacco (Zhang et al., 2001) . A mutant OASA1 gene, OASA1D [formerly referred to as OASA1 (D323N) ], that encodes a feedback-insensitive a subunit of rice AS has previously been generated. Rice calli and leaves as well as potato plants and tubers that express OASA1D accumulate large amounts of free Trp Yamada et al., 2004) .
Manipulation of metabolic pathways in plants by genetic engineering thus has the potential to improve the nutritional value of crops and to allow the production of desired natural products in higher plants (DellaPenna, 2001; Morandini and Salamini, 2003) . The proteins encoded by the introduced genes might affect not only the abundance of the target metabolite, however, but also, through changes in metabolic networks, that of related compounds. Moreover, such changes may influence the physiology or morphology of plants. Little is known, however, of the consequences of such manipulation for metabolite profiles and agronomic traits in plants.
Metabolism of Trp in plants is associated with the generation of a range of secondary compounds such as indole alkaloids and indole acetic acid (IAA). Manipulation of the Trp biosynthetic pathway might thus be expected to influence the synthesis of such metabolites and thereby elicit a pronounced change in metabolite profile. Indeed, overexpression of Trp decarboxylase, which catalyses the conversion of Trp to tryptamine, resulted in a marked reduction in the amount of indole glucosinolate in canola plants (Chavadej et al., 1994) and a decreased abundance of Trp, Phe, and chlorogenic acid in potato (Yao et al., 1995) .
Evaluation of transgenic plants of improved nutritional value for effects of the transgene on agronomic traits and metabolite profiles is thus essential. However, the possible effects of the accumulation of Trp or of any other essential amino acid in seeds on agronomic traits and metabolite profiles have not been determined to date. Demonstration that Trp is the only major metabolite that accumulates in transgenic rice seeds, for example, would be likely to increase their acceptability for consumption by humans and farm animals.
The effects of OASA1D expression in rice both on the amounts of Trp and other amino acids in seeds and on agronomic traits of plants cultivated in isolated field trials have now been studied. The profile of phenolic compounds as well as the content of IAA in the transgenic seeds was also determined. Rice is one of the major crops in the world and its use for animal feed has recently been developed (Sakai et al., 2003a) . The results of the increase of Trp in transgenic rice prove the usefulness of the gene for improving the nutrition of other crops for animal feed.
Materials and methods

Plant materials and growth conditions
Seed calli of rice (Oryza sativa L. cv. Nipponbare) were transformed with the use of Agrobacterium as described by Hiei et al. (1994) . The generation of rice plants transgenic for OASA1D or OASA2, with both genes controlled by the promoter of the maize ubiquitin gene, has also been described Yamada et al., 2004) . Rice plants transgenic for the b-glucuronidase gene (GUS) were also generated as described by Urushibara et al. (2001) . All transgenic plants contained the hygromycin phosphotransferase gene (hpt) under the control of the 35S promoter of the cauliflower mosaic virus. Transgenic rice plants (R0 to R4) and non-transformed control plants (Nipponbare) were grown at 28 8C and 60% humidity under natural light conditions in pots (1/10 000a) containing podosol soil (Sumitomo Chemical, Osaka, Japan) in a containment greenhouse.
Two OASA1D transgenic lines, HW1 and HW5, were also grown in a non-containment greenhouse (R5) and an isolated field (R6). In 2002, seeds of the HW lines and Nipponbare were sown on 15 April and the seedlings were transferred individually to pots (1/10 000a) containing podosol soil on 15 May. The plants were maintained in the non-containment greenhouse under natural light and temperature conditions at the National Institue of Crop Science (NICS). No additional fertilizer was applied. In 2003, seeds of the HW lines and Nipponbare were sown on 14 May and the seedlings were transferred to an isolated paddy field (10 m31.2 m) at the National Institute for Agro-Environmental Sciences in Tsukuba on 4 June. For each line, 40 seedlings were planted in duplicate in an area of 15 cm330 cm per plant. The total amount of fertilizer applied m ÿ2 included 6 g of N, 6 g of P 2 O 5 , and 6 g of K 2 O and was added at planting. Other practices followed the cultivation standards of Ibaraki Prefecture (Ibaraki Prefecture Standard Lowland Rice Cultivation, 1990 ).
Evaluation of agronomic traits
Agronomic traits, including heading date, culm length, and morphological characteristics, were evaluated by standard protocols (Ibaraki Prefecture Standard Lowland Rice Cultivation, 1990) . Plants in the isolated field were harvested individually, air-dried, and analysed for yield and seed germination. All panicles were harvested from each plant, dried at 38 8C for 4 weeks, and then maintained in a freezer at ÿ30 8C until analysis of amino acids and of IAA and metabolite profiling. For germination analysis, 15 or 20 seeds of individual lines were transferred to a filter paper that had been moistened with distilled water and placed in a Petri dish (6 cm in diameter); the analysis was performed in duplicate. The Petri dish was maintained at 35 8C for 15 d in the dark, and seed germination was assessed each day according to the modified standard method of NICS based on viviparity (Sakai et al., 2003b) .
Amino acid analysis and determination of total nitrogen content Dehulled seeds were autoclaved individually with 50 ll of water in a 1.5 ml Eppendorf tube for 15 min, and extracts were prepared from each seed as previously described (Wakasa and Widholm, 1987) . The amounts of free amino acids were then quantified with the use of the PICOÁTAG analysis system (Waters, Milford, MA). For quantitation of total Trp, five dehulled grains were pulverized with a mortar and pestle and heated in 5 M NaOH for 28 h at 110 8C; the hydrolysate was then acidified with 6 M HCl and subjected to analysis with an L-8800 High Speed Amino Acid Analyser (Hitachi High-Technologies, Tokyo, Japan).
Dehulled rice seeds were weighed and decomposed in concentrated sulphuric acid in the presence of salicylic acid and sodium thiosulphate. The ammonia formed was distilled, and was determined colorimetrically at 640 nm using the indophenol method.
Metabolite profiling
Four dehulled seeds were pulverized with a mortar and pestle and subjected to extraction for 1 h with 10 vols (v/w) of a mixture of water:methanol:acetic acid (249:250:1, by vol.). The extract was centrifuged at 16 000 g for 20 min, the resulting supernatant was passed through a SepPak C 18 cartridge (Waters, Milford, MA), and the eluate was subjected to reversed-phase HPLC (LC-10Avp system; Shimadzu, Kyoto, Japan) with a Cadenza Column CD-C18 [250 mm34.6 mm (inner diameter); Imtakt, Kyoto, Japan). Elution was performed with a mixture of acetonitrile and 0.02% aqueous trifluoroacetic acid (3:97 v/v, at 0 min; 30:70 v/v at 40 min; 98:2 v/v at 75 min) at a flow rate of 0.85 ml min ÿ1 and a temperature of 40 8C; it was monitored with a photodiode array detector (Shimadzu SPDM10Avp) over a wavelength range of 190-400 nm.
IAA analysis
Six dehulled seeds were pulverized with a mortar and pestle and then soaked for 3 h at 4 8C in 10 vol (v/w) of 80% acetone in water containing 2.5 mM diethyl dithiocarbamate. This extraction procedure was repeated three times. The combined extract was divided into three portions that were respectively subjected to quantification of free IAA, free plus ester forms of IAA and total IAA. The free IAA in the extract was partially purified by solid-phase extraction and quantified by liquid chomatography and tandem MS (LC-MS/MS) as previously described by Matsuda et al. (2005) . For determination of the amount of free plus ester forms of IAA, the original extract was acidified to pH 2 with aqueous HCl and then analysed as for free IAA. For determination of the amount of total IAA, the extract was subjected to hydrolysis with 7 M NaOH for 3 h at 100 8C under N 2 before analysis. ]IAA was used as the internal standard in these analyses.
Results and discussion
Generation of rice plants expressing OASA1D
Transgenic rice plants that express OASA1D were generated and subjected to the analyses of Southern blot and northern blot as described previously Yamada et al., 2004) . Given that expression of OASA1D confers resistance to 0.3 mM 5-methyltryptophan (5MT), some transgenic plants were generated from calli selected with 5MT instead of with hygromycin (Yamada et al., 2004) . Transgenic lines selected by growth in the presence of 5MT or hygromycin are denoted by M or H, respectively.
Spikelet fertility of greenhouse-grown plants
Almost all regenerated plants of >120 transgenic lines grown in pots exhibited normal growth, with exceptional instances of dwarfism or slow growth presumably being attributable to somaclonal mutations (Phillips et al., 1994) . However, for plants grown in a greenhouse, the spikelet fertility of transgenic plants tended to be lower than that of the wild type ( Table 1 ). The mean spikelet fertility of the transgenic plants was thus only 31%, compared with a value of 76% for seed-grown Nipponbare. Given that a decrease in spikelet fertility has previously been observed in transgenic rice plants generated by tissue culture (Hiei et al., 1994; Urushibara et al., 2001) , part of the reduction in spikelet fertility apparent in OASA1D-expressing plants might be due to the regeneration process. However, transgenic rice plants that overexpress the wild-type gene (OASA2) for another a subunit of rice AS but do not accumulate Trp in calli or leaves ) exhibited a spikelet fertility (61%) higher than that of plants that express OASA1D, but lower than that of Nipponbare, suggesting that accumulation of Trp might also contribute to the reduced spikelet fertility of the OASA1D transgenic plants. Analysis by genomic Southern hybridization of R0 (regenerated) plants of OASA1D transgenic lines with a spikelet fertility of >50% revealed that they had a relatively high copy number (three to seven) of the transgene (data not shown), suggesting that the copy number was not a principal cause of low spikelet fertility.
Trp content of seeds produced by greenhouse-grown plants
Seeds of 12 OASA1D transgenic lines with a spikelet fertility of >50% were analysed for free and total Trp contents in the second or third generation (R2 or R3 seeds) of plants grown in a greenhouse. All lines showed a marked increase in the amount of free Trp, with the mean free Trp content ranging from 3037 to 23 705 nmol g ÿ1 of dry seed weight (Table 2) ; these values correspond to increases of 55-to 431-fold compared with the free Trp content of ). The amount of free Trp as a percentage of total Trp in the transgenic seeds (34-87%) was also greatly increased compared with that in wild-type seeds (1.3%). Given that seeds of a transgenic line expressing GUS, which encodes b-glucuronidase, exhibited a Trp content similar to that of Nipponbare seeds, it was unlikely that the Trp accumulation apparent in seeds of OASA1D transgenic plants resulted from an abnormality caused by the transformation process.
The transgenic seeds analysed for Trp content were a mixture of those homozygous or heterozygous for OASA1D. To examine the possible influence of genotype on Trp content, seeds from a single transgenic plant of the H17 line in the R1 generation were divided into two groups. One group of 26 seeds showed segregation of OASA1D by PCR analysis (14 positive, 12 negative). The other group of 32 seeds, which also should have been a mixture of transgene genotypes, all contained an increased level of free Trp (913463740 nmol g ÿ1 ). These results thus indicated that Trp accumulation in seeds is determined primarily by the genotype of the mother plant. However, given that the free Trp content of seeds of the H17 or M34 lines showed some variability (Table 2) , the level of free Trp in seeds might also be influenced by seed genotype. Although the physiological conditions of plants and seeds also affect amino acid content, the increase in the amount of Trp in the seeds of transgenic rice expressing OASA1D was sufficiently high to be attributed to the activity of the transgene.
It is the total Trp content, including both free Trp and Trp in proteins, that is important for the nutritional value of seeds. The increase in the amount of free Trp in seeds of OASA1D transgenic plants was accompanied by an increase in the total Trp content ( Table 2 ). The total Trp content of seeds of the various transgenic lines thus ranged from 8100 to 48 519 nmol g ÿ1 , values that correspond to increases of 1.9-to 11.6-fold compared with that for Nipponbare (4188 nmol g ÿ1 ).
The weight of individual dehulled seeds tended to be smaller for OASA1D transgenic lines than for Nipponbare (Table 2) . However, a reduced seed weight was also apparent for plants harbouring a GUS transgene, suggesting that this effect might be attributable to the transformation process. OASA1D transgenic line M34, whose seeds showed the highest Trp content, also manifested the lowest seed weight. However, the seeds of line M21, which exhibited a medium level of Trp accumulation, were also of low weight. No clear correlation between Trp content and seed weight was thus apparent.
Generation of homozygous OASA1D transgenic rice lines for evaluation of agronomic traits Two OASA1D transgenic lines, M121 and H41, were advanced to obtain homozygotes for evaluation of agronomic traits. The resulting homozygous lines were designated HW1 for M121 and HW5 for H41. The early generations of these homozygous lines exhibited a spikelet fertility of >50% and normal morphological features. Genomic Southern blot analysis of selfed progenies and of F 2 plants of F 1 hybrids between either HW1 or HW5 and Nipponbare revealed that HW1 contained three copies of the transgene and HW5 harboured four copies. No segregation of hybridized bands was observed in F 2 plants, indicating that the transgenes were integrated at one locus (data not shown).
Trp content of seeds produced by field-grown OASA1D transgenic plants
The free and total Trp contents as well as the nitrogen content of R5 and R6 seeds of the HW lines grown in a greenhouse were higher than those of Nipponbare seeds (Table 3) , and all of these values were slightly higher for HW1 than for HW5. The levels of free and total Trp in seeds were stable during growth of the HW lines in a greenhouse for 2 years (data not shown). In the field condition, the free Trp content of seeds of the HW lines was increased about 2-fold compared with the corresponding values for seeds of greenhouse-grown plants (Table 3) . This increased accumulation of free Trp in the seeds of fieldgrown plants was not accompanied by a similar increase in the total Trp content. The level of total Trp in seeds of the HW lines was thus stable under different growth conditions. The nitrogen content of seeds of field-grown HW lines and Nipponbare was lower than the corresponding values for seeds of greenhouse-grown plants. The amounts of free and total Trp in Nipponbare seeds were also lower in the field condition than in the greenhouse, with the result that the relative values to Nipponbare for seeds of the fieldgrown HW lines were increased accordingly (Table 3) . The levels of Trp in the seeds of Nipponbare grown in another field were similarly low (data not shown).
The opposite effects of field growth on the free Trp content of seeds of the HW lines and of Nipponbare seeds might be attributable, in part, to a response of the transgene promoter to the cooler temperatures or to the difference in temperature between night and day in the field. The OASA1D gene was driven by the ubiquitin gene promoter, which is responsive to stress (Takimoto et al., 1994) and might therefore be activated by low temperatures, resulting in increased expression of OASA1D and a greater accumulation of free Trp.
Amino acid composition of seeds produced by field-grown OASA1D transgenic plants
The increased Trp content of rice calli expressing OASA1D does not result in substantial changes in the amounts of other amino acids . The marked accumulation of free Trp in the seeds of the HW1 and HW5 lines grown under field conditions was accompanied by an increase in the amounts of other amino acids to some extent (Table 4) . Their increases were relatively small compared with that of Trp. The total amount of free amino acids was increased 4.2-and 2.9-fold in HW1 and HW5, respectively, compared with the value for Nipponbare, with the maximal change in the content of any one amino acid (other than Trp) being limited to a 5.2-fold increase. However, with the exception of Ala (and Trp), the ratio of the amount of each amino acid to the total amount of free amino acids was reduced or remained virtually the same in the transgenic lines compared with Nipponbare. The levels of Lys and Phe were low in Nipponbare seeds but their absolute amounts were increased in the HW seeds, with the result that their percentage contributions to the total amount of free amino acids were the same in the HW lines and in the wild type. Given that Gln is the amino donor for the synthesis of anthranilate, its abundance might have been expected to be changed in the seeds of the transgenic lines. Its absolute amount in seeds of the HW lines was similar to that in Nipponbare seeds, however. Serine is also a precursor for Trp synthesis, but its amount in HW seeds was not significantly increased compared with that in Nipponbare seeds.
The increases in the absolute amounts of free amino acids in the seeds of the transgenic lines suggest the existence of regulatory mechanisms that increase amino acid synthesis in response to Trp accumulation. The opaque-2 mutation in maize (Oh545o2) is associated with an increased level of free amino acids in mature endosperm . Genetic analysis suggests that the gene for aspartate kinase 2 is the gene responsible for the effect of this mutation on free amino acid content . A mutation in a transcriptional regulator of AS genes also renders Trp biosynthesis insensitive to Trp concentration (Bender and Fink, 1998) . Our results therefore suggest that Trp accumulation in rice seeds might increase the transcription of genes that encode enzymes responsible for amino acid synthesis.
Agronomic traits of field-grown OASA1D transgenic plants HW lines grown in a greenhouse appeared similar to Nipponbare with regard to most agronomic traits analysed (Table 5 ). For plants grown under field conditions, however, differences in traits related to seed productivity were apparent between the transgenic lines (especially HW1) and the wild type. Both HW lines grown in the field thus exhibited a spikelet fertility lower than that of Nipponbare, although pollen fertility (Table 5 ) and anther size (reflecting the number of pollen grains) (data not shown) for the transgenic lines were similar to those for Nipponbare. Moreover, the average spikelet number per panicle was significantly smaller for the HW lines than for Nipponbare. The reduction in the number of spikelets per panicle and the low spikelet fertility likely contributed to an observed decrease in harvested seed weight for HW1 and HW5 to 52.5% and 69.6% of the value for Nipponbare, respectively. The harvested plant weight was similar for the HW lines and Nipponbare (data not shown). Whereas the individual brown seed weight varied among transgenic lines in early generations (Table 2) , it did not differ markedly among HW lines and Nipponbare under field conditions (Table 5) .
The high concentration of Trp in the HW lines is likely to be the primary cause of the differences in agronomic traits between these lines and Nipponbare grown under field conditions. Spikelet number per panicle is determined at an early stage of development of the inflorescence apex and is influenced by several conditions, such as nitrogen and carbon availability as well as temperature (Takeoka et al., 1993) . Accumulation of Trp might increase the sensitivity of plants of the HW lines to environmental stress and thereby reduce spikelet number and fertility in the field condition.
The culm length of HW lines grown in the field was smaller than that of Nipponbare, although this difference c Mean dry matter of harvested seeds which were air-dried (assumed moisture content of seeds was approximately 10-15%). d Pollen fertility was recorded for three spikelets of each of three randomly selected plants. It was estimated from microscopic analysis of the shape and color of the pollen stained with I-KI solution (1%).
e The weight of 1000 seeds was determined from that of 20 or 100 grains in the greenhouse and field conditions, respectively.
was statistically significant only for HW1 (Table 5) . No difference in plant height was observed between HW lines and Nipponbare (data not shown). A short culm length has often been observed in plants regenerated from tissue culture (Phillips et al., 1994) , suggesting that this characteristic of the HW lines might be attributable to somaclonal mutation.
Germination of seeds from field-grown OASA1D transgenic plants
The growth condition markedly influenced seed germination in HW lines. Whereas the germination percentage for seeds of greenhouse-grown plants was similar for HW lines and Nipponbare, it was greatly reduced for seeds of fieldgrown HW1 plants compared with that for field-grown HW5 or Nipponbare plants (Table 6 ). The time to germination was also increased for seeds from both HW lines grown under field conditions, as well as for seeds from HW1 plants grown in the greenhouse. Poor seed germination has been observed in other plants with increased levels of an essential amino acid. Transgenic soybean with a large increase in free Lys content thus manifested reduced seed viability (Falco et al., 1995) . Seeds of transgenic Arabidopsis thaliana with a high Lys content also exhibited retarded germination and seed establishment (Zhu and Galili, 2003) . The seeds of HW1 plants grown in the field showed the lowest frequency of and greatest delay in germination as well as the highest content of free Trp compared with seeds of HW1 or HW5 plants grown in the greenhouse and HW5 plants grown in the field. These observations suggest that an increase in Trp content over a certain threshold level might substantially influence germination. The importance of amino acid metabolism such as Gln, Lys, and Met in maize germination efficiency has been shown (Limami et al., 2002; Anzala et al., 2006) . Trp has been shown to be an endogenous inhibitor of embryo germination in white wheat (Morris et al., 1988) .
It might prove possible to ameliorate the unfavourable traits observed in the HW lines grown under field conditions by controlling the extent and tissue distribution of Trp accumulation with the use of a different promoter to drive OASA1D expression. Potential promoters for this purpose include those of embryo-specific genes or of genes that are not responsive to stress.
Metabolite profile of seeds from field-grown OASA1D transgenic plants
Changes in the composition of aromatic components in the seeds of field-grown HW1 and HW5 plants were analysed by reversed-phase HPLC. Elution was monitored with a photodiode array detector over a wavelength range of 190-400 nm. Typical chromatograms obtained at 280 nm, the most effective wavelength for detection of changes in the composition of anthranilate-related metabolites, are shown in Fig. 1 . The aromatic metabolite profiles of dehulled seeds revealed no apparent marked accumulation of components other than Trp in the transgenic seeds (Fig. 1, inset) . Magnification of the chromatograms revealed small differences between HW lines and Nipponbare (Fig. 1) . A peak with a retention time of 10 min, for example, was specifically detected in both transgenic lines. Essentially, identical results were obtained by monitoring elution at wavelengths other than 280 nm (data not shown). These results are surprising given the high levels of Trp in the transgenic seeds and that the Trp biosynthetic pathway gives rise to various secondary metabolites, such as the indole alkaloids and indole glucosinolates, in many plants. To date, no remarkable secondary metabolites of Trp origin (Chavadej et al., 1994; Yao et al., 1995) It was specifically investigated whether the accumulation of Trp in the seeds of the field-grown HW lines affected the amount of IAA, given the close relations between the Trp biosynthetic pathway and IAA production. Therefore the levels of free IAA, of free IAA plus its ester conjugates, and of total IAA (including amide conjugates) were measured in the seeds of the HW lines and Nipponbare (Fig. 2A) . The amounts of free and conjugated forms of IAA were each increased about 2-fold in the seeds of both HW lines compared with those in Nipponbare seeds. The increase in the level of free IAA in seeds was consistent with our previous demonstration of IAA accumulation in rice calli expressing OASA1D (Morino et al., 2005) . Increased auxin content has been associated with Trp accumulation in cultured carrot and potato cells resistant to 5MT (Widholm, 1977; Sung, 1979) . The level of IAA conjugates was also found to be increased in the Arabidopsis mutant Amt1, which expresses a feedback-insensitive AS and accumulates Trp (Kreps and Town, 1992; Ludwig-Muller et al., 1993) . In addition, 5MT-resistant mutants of Lemna gibba showed an approximately 3-fold increase in the amount of free IAA (Tam et al., 1995) . Seeds of rice and maize normally contain higher concentrations of IAA than do other organs of these plants (Bandurski and Schulze, 1977) . The increase in the amounts of free and total IAA apparent in the seeds of the HW lines thus suggests that rice seeds are able to accumulate IAA to especially high levels.
Given that IAA affects multiple aspects of plant growth, the low spikelet fertility and density as well as the impaired seed germination of the HW lines might reflect the increased abundance of IAA rather than that of Trp. IAA markedly inhibited the germination of wheat embryos excised from caryopses that were highly dormant (Ramaih et al., 2003) ; Trp, the precursor of IAA, was shown to be equally inhibitory in this instance, however. In the case of these HW lines, the impairment in seed agronomic traits was greater for HW1 than for HW5, whereas the amount of total IAA was slightly higher in the seeds of HW5 than in those of HW1. The impairment thus appeared to be more correlated with Trp content than with total IAA (Fig. 2) . Regardless, the growth of HW1 and HW5 seedlings after germination overtook that of Nipponbare and no differences in plant growth at the harvesting stage were detected between Nipponbare and the HW lines (data not shown).
Conclusion
These results have revealed that the seeds of rice plants expressing the OASA1D transgene accumulate free Trp to high levels and in a stable manner. This accumulation of Trp was not accompanied by substantial changes in the amounts of other phenolic compounds. The growth of OASA1D plants under the field conditions used here revealed a reduction in spikelet fertility and in the number of spikelets per panicle, as well as in the efficiency of seed germination compared with Nipponbare. However, these differences with Nipponbare were more prominent in the HW1 line than in the HW5 line, the latter being largely similar to the wild type with regard to many agronomic traits.
For use as human food, it is preferable that transgenic crops do not contain antibiotic resistance genes. An advantage of OASA1D transgenic rice is that the transgene confers sufficient resistance to 5MT to allow the selection of transformed cells with this agent, thereby obviating the need for another gene as a selectable marker (Yamada et al., 2004) . Although rice is primarily grown for human consumption, its use for animal feed has been recently developed (Sakai et al., 2003a ). An increased Trp content of rice seed would thus also prove beneficial for animal nutrition. 
